Abstract Water properties and formation processes of Alaskan Coastal Winter Water (ACWW) over the eastern Chukchi shelf along the Alaska coast, the so-called Barrow Canyon pathway, are examined using data from moorings, atmospheric reanalysis, satellite-derived sea-ice production (SIP), and a numerical tracer experiment. Along this pathway, Pacific Winter Water (PWW) can be modified to produce ACWW through SIP accompanied by production of cold, saline polynya water in the coastal polynyas, upwelling of warm Atlantic Water (AW), and mixing processes on the shelf. Three different types of ACWW are formed: (i) a mixture of AW and PWW, (ii) a mixture of AW and polynya water, and (iii) hypersaline polynya water. The northeasterly winds, correlated with the north-south atmospheric pressure gradient between Beaufort High and Aleutian Low, are common triggers of polynya SIP episodes and AW upwelling in the Barrow Coastal Polynya (BCP). Due to the dual impact of northeasterly winds, PWW modification processes in the BCP are more complicated than what occurs elsewhere in the Chukchi Polynya. The impact of AW upwelling on the ACWW formation is most prominent in the BCP, usually centered along the coast. All types of ACWW are thought to be basically transported westward or northwestward with the Chukchi slope current and/or Beaufort Gyre and finally contribute to maintenance of the lower halocline layer especially over the Chukchi Borderland, Northwind Ridge, and southern Canada Basin. Even in the Pacific sector of the Arctic Ocean, ACWW properties are strongly influenced by both Atlantic-origin and Pacific-origin waters.
Introduction
Pacific-origin water entering the Chukchi Sea through Bering Strait reaches the shelf break via three pathways associated with bathymetric features: Herald Canyon on the western Chukchi shelf , Central Channel between Herald and Hanna Shoals , and Barrow Canyon on the eastern Chukchi shelf (Pickart et al., 2005; Weingartner et al., 1998 Weingartner et al., , 2005 ; Figure 1 ). In this study, we focus on the Barrow Canyon pathway through which water of Pacific origin is exported from Barrow Canyon, after passage through Bering Strait, and northward flow along Alaska's Chukchi Sea coast. In Barrow Canyon, persistent northeastward flow intensifies in summer and slows down in winter (Aagaard & Roach, 1990; Itoh et al., 2013; Weingartner et al., 1998; Weingartner et al., 2005) . Recently, Weingartner et al. (2017) constructed a 37-year hindcast of the mean daily transport at the head of Barrow Canyon, and they showed the annual net transport cycle that comprises down-canyon transport of~0.45 Sv in summer (May-September), up-canyon transport of~0.1 Sv in fall (October-December), and a little more than zero in winter (January-April). Table 1 summarizes water mass/type definitions used in this study. Properties of the Pacific-origin water in Barrow Canyon vary seasonally alternating between warm, relatively fresh Pacific Summer Water (PSW, S < 32.5) and cold, relatively saline Pacific Winter Water (PWW, 32.5 < S < 33.1). Warm, saline Atlantic Water (AW, S > 34.0) is centered at 300-400 m water depths in the Canada Basin (e.g., Jackson et al., 2010) , below~200 m in the Beaufort slope (e.g., Nikolopoulos et al., 2009) , and below~150 m in Barrow Canyon (e.g., Itoh et al., 2013) . From late fall to winter, prevailing northeasterly winds inhibit northeastward transport of PWW in Barrow Canyon and bring AW upwelling into Barrow Canyon (Aagaard & Roach, 1990; and onto the eastern Chukchi shelf (Hirano et al., 2016; Ladd et al., 2016; Weingartner et al., 2017) . In this way, Barrow Canyon is an important bathymetric feature as a gateway of Pacific-origin water into the Canada Basin and conversely of Atlantic-origin water onto the Chukchi shelf. (Woodgate, Aagaard, Swift, et al., 2005) . The enclosed region is shown in (b). (b) Detailed bathymetric map around the eastern Chukchi shelf. The yellow circles represent moorings mainly used in this study (A4W in the eastern Bering Strait, BCP in the Barrow Coastal Polynya, and BCC in Barrow Canyon). The yellow triangles represent additional moorings (C1 in Ladd et al., 2016 and BC2 in Weingartner et al., 2017) . Coastal polynya areas along the Alaska Coast are defined as indicated by the green-enclosed regions labeled BCP, BCPsw, and BSne, respectively. S > 33.1-34.5 T f + 0.1 < T < lower halocline temperature labeled "2" in Figure 11c type-3 (hypersaline polynya water)
S > 34.0 T < T f + 0.1 labeled "3" in Figure 11c *See details in section 2 and Figure 11c Note. T f is freezing point of seawater. In ACWW definitions, the "lower halocline temperature" serves as a measure rather than a unique temperature value; temperature warmer (colder) than the lower halocline temperature is presumably caused by more influence of warm Atlantic Water (cold Polynya Water) on their formation on the shelf (see details in section 6).
Polynyas are persistent and recurrent areas of open water and/or thin ice, where heat loss to the atmosphere is 1 or 2 orders of magnitude larger than that over thick ice (Maykut, 1978) . Polynyas can be classified into two types: latent heat and sensible heat polynyas. The former is the result of divergent ice motion due to prevailing winds and/or ocean currents, whereas the latter is due to upward ocean heat flux Morales Maqueda et al., 2004) . Many Arctic polynyas are thought to be latent heat polynyas. In Arctic coastal polynyas over the shallow continental shelf, the whole water column likely reaches the freezing point (T f ) during cold seasons (Winsor & Björk, 2000) , and therefore, heat loss is largely balanced by sea-ice production (SIP), which results in dense water formation through brine rejection. The Chukchi Polynya is the largest polynya in the western Arctic and forms in winter along the Alaska coast between Cape Lisburne and Point Barrow (Cavalieri & Martin, 1994; Itoh et al., 2012; Iwamoto et al., 2013 Iwamoto et al., , 2014 Tamura & Ohshima, 2011) . Hirano et al. (2016) showed that the northernmost part of the Chukchi Polynya, which they named the Barrow Coastal Polynya (BCP), is a wind-driven hybrid latent and sensible heat coastal polynya.
The hybrid nature of the BCP results from the fact that the prevailing northeasterly winds are both parallel to Barrow Canyon and oblique to the coastline at Utqiaġvik (formerly known as Barrow). The latter condition results in an opening of the BCP by sea-ice divergence to promote SIP, while the former promotes upwelling of warm water into the BCP to inhibit ice growth (Hirano et al., 2016) . A strong up-canyon shear flow established after the upwelling results in mixing events accompanied by ocean heat flux from the upwelled warm water into the surface layer, which played an important role in the formation and maintenance of the open water area (i.e., sensible heat polynya; Hirano et al., 2016) . Such a characteristic sequence of promoting and suppressing SIP episodes in the BCP, both caused by the same northeasterly winds, is referred to as the BCP event. In the case of the 2009-10 ice growth season (November-May), five BCP events lasting from 4 to 17 days were identified, and ocean heat flux associated with the upwelled AW was estimated to be responsible for suppressing SIP in the BCP by 10-30% (Hirano et al., 2016) . In addition, Ladd et al. (2016) observed five inflow events of upwelled AW during four winters of 2010/2011-2014/2015 (except for winter of 2012/2013) on the eastern Chukchi shelf off Icy Cape,~225 km southwest from the head of Barrow Canyon (indicated by triangle labeled C1 in Figure 1b ). They also suggested that the Chukchi Polynya is often classified as a hybrid polynya, based on their estimates of sufficient heat content in the upwelled AW to melt sea ice.
In this study, waters passing through Barrow Canyon (sea-ice growth season from November to May) are generically referred to as Alaskan Coastal Winter Water (ACWW), which is composed of PWW modified to varying degrees through modification processes earlier along the Barrow Canyon pathway. Salinity (hence density) of ACWW entering the Arctic basin depends on the original salinity of PWW at the Bering Strait and the amount of additional salt input associated with SIP along the pathway (Itoh et al., 2012; Winsor & Chapman, 2002) . In the basin, ACWW intrudes into depths above the AW layer, because ACWW is lighter than AW. Thus, ACWW is one of the source waters to form and maintain the cold halocline layer and/or lower halocline layer that thermally insulates the cold, fresh surface mixed layer from the deep warm, saline AW (Aagaard et al., 1981; Rudels et al., 1996; Winsor & Björk, 2000) . It is therefore likely that the modification processes of PWW along the Barrow Canyon pathway play a significant role in determining the properties of ACWW that actually enters the basin and also the depths at which such water ventilates. Due to the dual impact of northeasterly winds in both promoting and suppressing SIP in the BCP, we expect that the modification processes that PWW might experience around Barrow Canyon are more complicated than what occurs elsewhere in the Chukchi Polynya. Woodgate, Aagaard, Swift, et al. (2005) suggested that a lower halocline in much of the western Arctic was affected by the diapycnal ventilation, through the process that Atlantic-origin waters are upwelled onto the Chukchi shelf/slope to mix with Pacific-origin waters. Thus, understanding both Pacific and Atlantic influences is required to clarify the properties/formation processes of ACWW and also the upper ocean circulation in the western Arctic.
With a focus on variability in SIP and SIP suppression (indicative of the thermodynamic influence of AW upwelling) in the coastal polynyas, this study explores the difference in characteristics of BCP events observed under contrasting wind regimes (in terms of frequency/strength of the northeasterly winds) and the properties/formation processes of ACWW along the Barrow Canyon pathway. Based on these findings, this study discusses possible spreading paths of ACWW in the interior Arctic and an Atlantic-influence on the eastern Chukchi shelf in winter. Section 2 presents an overview of in situ observational data and a model experiment. Section 3 provides the climatology and variability of coastal polynyas along the Alaskan coast and the major factors controlling the variability of SIP in the BCP. Section 4 then presents the characteristics of BCP events observed in high and low SIP years. Sections 5 and 6 describe the water properties and formation processes of ACWW. Section 7 provides a discussion, and section 8 summarizes this study.
Data and Methods

In Situ Observation Data
As a collaborative study between Hokkaido University and University of Alaska Fairbanks, and a part of the Seasonal Ice Zone Observing Network, mooring observations have been continuously conducted within the BCP off Utqiaġvik, Alaska, on the northeastern Chukchi shelf since 2009 (circle labeled BCP in Figure 1b ). The mooring configurations are similar to those shown in Hirano et al. (2016) (in their Figure 1c ). Table 2 summarizes details of mooring data obtained in the BCP along with those obtained at the mouth of Barrow Canyon, and in the Bering Strait. To clarify the characteristics of BCP events for relatively low (2010-2011) and high (2012-2013 ) SIP years after 2009 (section 4), we use time series of temperature, salinity, and ocean current obtained by the BCP moorings for these two years (Fukamachi et al., , updated 2014 Eicken et al., 2011 Eicken et al., , updated 2014 . Although Hirano et al. (2016) flagged ocean current data when the Acoustic Doppler Current Profiler (ADCP) tilted over 20°, this situation generally occurred when strong upcanyon flows were set up during the BCP events. In order to seamlessly examine the characteristics of ocean currents during the BCP events, periods of flagged current data are interpolated using the following approach. First, we derive a regression for composite tilts and absolute velocities when the composite tilts derived from pitch and roll data are within the range of 10-20°. Second, the absolute velocities are interpolated by using the regression when the pitch or roll exceeds 20°, and current direction of the interpolated absolute velocity is set to an averaged direction for surrounding valid data (five data each before and after flagged periods). Finally, the Godin filter (Godin, 1972) was applied to the corrected ocean current data before resampling them every hour.
In Barrow Canyon, mooring observations have been continuously conducted by Japan Agency for MarineEarth Science and Technology (JAMSTEC) since 2000. In order to examine the water properties of ACWW passing through Barrow Canyon (section 5), we use time series of temperature, salinity, and ocean currents measured at several depths at the center of Barrow Canyon (BCC) moorings in the central and deepest region of Barrow Canyon for -2013 (Itoh et al., 2013 ; circle labeled BCC in Figure 1b ). In the Bering Strait, mooring observations have been continuously conducted by University of Washington since 1990 (circle labeled A4W in Figure 1b) . In order to examine PWW properties in Bering Strait (section 6), Journal of Geophysical Research: Oceans we use time series of temperature and salinity measured at 10 m above the bottom of A4W moorings in the eastern part of the strait for -2013 (Woodgate & Weingartner, 2015a , 2015b ; Table 2 ).
In 2002, comprehensive hydrographic observations were conducted by U.S. Coast Guard Cutter (USCGC) Polar Star in the Chukchi Borderland (CBL) and Mendeleev Ridge area from late August to late September (Woodgate et al., 2002 ; magenta circles in Figure 1a , hereafter referred to as CBL2002 hydrographic data). In 2013, hydrographic observations were conducted in the southern/southwestern Canada Basin and southeastern CBL area by R/V Mirai in September (Nishino, 2013 ; purple squares in Figure 1a , hereafter referred to as Mirai2013 hydrographic data). We discuss where ACWW can contribute to ventilations after entering the basin, through comparison of water properties of the lower halocline in these regions and ACWW flowing into Barrow Canyon (sections 5 and 7.1).
Model Experiment
To visualize the upwelling of AW from the midlayer of the Canada Basin onto the Chukchi shelf, we also use the results from a tracer experiment for 2001-2014 using the Center for Climate System Research Ocean Component Model (COCO) version 4.9 (Hasumi, 2006) . The pan-Arctic regional COCO model used in this analysis has reasonably reproduced major features of ocean circulation in the western Arctic (Hirano et al., 2016; Watanabe et al., 2014 Watanabe et al., , 2015 . The model configuration and experimental design are the same as those in the previous experiments (Watanabe et al., 2017) . The sea-ice component is represented by one-layer thermodynamics (Bitz & Lipscomb, 1999 ) and elastic-viscous-plastic rheology (Hunke & Dukowicz, 1997) formulations. The ocean component is a free-surface general circulation model including the advection scheme of Leonard et al. (1994) and the mixed-layer turbulence closure scheme of Noh and Kim (1999) . The model domain contains the entire Arctic Ocean, the Nordic seas, and the northern North Atlantic (see Figure 1b in Watanabe et al., 2017) . The horizontal resolution is approximately 5 km, and there are 42 hybrid σ-z vertical levels. The vertical grid spacing varies from 2 m at the top level to 500 m at the deepest level. (2014) estimated SIP rate in the Arctic using the Advanced Microwave Scanning RadiometerEarth Observing System (AMSR-E) using a heat budget analysis with applying an open water mask (Iwamoto et al., 2013) . According to Iwamoto et al. (2013) , the open water mask can detect areas of open water (i.e., sensible heat polynyas) using PR 89 values along the ice edge as a threshold to distinguish open water pixels from those of sea ice (PR 89 is the polarization ratio [PR] of AMSR-E 89 GHz brightness temperatures). Due to high spatial resolution of AMSR-E (~6.25 km), the AMSR-E-derived SIP product can exclude small areas of open water and is suitable for analyzing variability of the hybrid BCP (Hirano et al., 2016) . However, the AMSR data are available only after June 2002, with a 10-month data gap between the end of AMSR-E operation in September 2011 and the launch of AMSR2 in July 2012.
The Special Sensor Microwave Imager (SSM/I) and Special Sensor Microwave Imager/Sounder (SSMIS) have a spatial resolution (~12.5 km) only about one quarter in pixel density relative to AMSR-E, but SSM/I-SSMIS has the advantage of seamless data acquisition from 1992 to present. Using SSM/I-SSMIS data, Tamura and Ohshima (2011) provided the first mapping of SIP in the entire Arctic. In addition to their relatively coarse resolution, the SSM/I-SSMIS SIP data by Tamura and Ohshima (2011) were processed without applying the 10.1029/2017JC013307
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algorithm with an open water mask implementation, such as adopted by Iwamoto et al. (2014) . Therefore, the SSM/I-SSMIS SIP data tend to overestimate SIP rates, particularly in the BCP and possibly in the North Water Polynya, because the occurrence of sensible heat polynyas (open water area) in these areas is also affected by ocean heat.
To reveal long-term variability of SIP suppression caused by ocean heat flux (indicative of the thermodynamic influence of AW upwelling) in the hybrid BCP, the open water mask was also applied to the SSM/I-SSMIS algorithm of Tamura and Ohshima (2011) , by adopting a method similar to that employed by Iwamoto et al. (2013) Iwamoto et al., 2014) . Therefore, our conclusions derived from SSM/I-SSMIS are essentially not different from those derived from AMSR-E. As suggested by Iwamoto et al. (2014) , possible reasons for the difference between the SSM/I-SSMIS and AMSR-E SIPs are differences in spatial resolutions, no landfast ice detection mask in the SSM/I-SSMIS algorithm, and thinner bias of the SSM/I-SSMIS ice thickness. We successfully generate a longer, improved SSM/I-SSMIS SIP data set that takes into account the open water area in the entire Arctic for 1992-2014. The improved SIP estimates allow us to discuss climatology, trends, and long-term variabilities of SIP and SIP suppression.
Definition of Hybrid BCP Area Based on Climatology
Without using an open water mask, the climatological cumulative SIP from November to May for 1992-2014 derived from SSM/I-SSMIS data (Tamura & Ohshima, 2011 ) is characterized by high SIP along the Alaska coast ( Figure 2a ). When sensible heat polynyas, corresponding to areas of open water, are excluded by applying an open water mask, SIP is still highest near the coast, but is notably reduced, particularly in the northern region of the Chukchi Polynya (Figure 2b ). Differences in SIP calculated with and without the open water mask (Figure 2c ) are taken to be equivalent to the amount by which SIP is suppressed due to ocean heat flux. This SIP suppression is largest in the coastal region from Point Barrow to Icy Cape (within the northeastern green box in Figure 2 ). Especially for waters near Point Barrow subjected to the influence of upwelled AW from the Canada Basin via Barrow Canyon (Hirano et al., 2016) , there is a marked SIP suppression of more than 10 km 3 in each grid cell for 22 years ( suppression (Figures 2c and 2d ) and the observation that the upwelled AW reached at least to the region off Icy Cape (C1 in Figure 1b ; Ladd et al., 2016) , the hybrid BCP area identified in Hirano et al. (2016) underestimates the influence of higher ocean heat fluxes and SIP suppression through AW upwelling. Based on the climatological distributions of SIP and SIP suppressions (Figure 2 ), we define three separate coastal polynya areas along the Barrow Canyon pathway (shown by green boxes in Figure 2 ). The region between Cape Lisburne and Point Barrow, conventionally referred to as Chukchi polynya (e.g., Itoh et al., 2012; Winsor & Chapman, 2002) , is divided into two coastal polynyas-one is the hybrid BCP influenced by the ocean heat flux from upwelled warm water through Barrow Canyon and the other one is BCPsw (southwest of BCP) polynya not much influenced by that ocean heat flux. In addition, the region between Bering Strait and Cape Lisburne is defined as BSne (northeast of Bering Strait) polynya, because the SIP in this polynya is also an important source of salt flux for the modification of Pacific-origin water. -2001 and 1994-1995, respectively . The fraction of SIP suppression ranges from 11 to 34% and exceeds 30% in 1993-1994 and 2012-2013 . In the BCPsw, SIP is comparable to that in the BCP. Although the fraction of SIP suppression in the BCPsw is less than that in the BCP (Figures 2d and 3b) , the BCPsw area is also sometimes influenced by the ocean heat flux from upwelled AW. This interpretation is supported by the observations of Ladd et al. (2016) and the distribution of Atlantic-water tracer (Figures 8e-8h) described in section 4.
Variability of SIP
Major Factors Controlling SIP Variability in the BCP
As noted in the previous section, SIP and SIP suppression in the hybrid BCP fluctuate from year to year, but there are no statistically significant trends (Figure 3a) . Hirano et al. (2016) pointed out that the BCP events are triggered by northeasterly winds associated with variability in the strengths of Beaufort High (BH) and In the same period, northeasterly wind off Utqiaġvik is associated with the SLP pattern (arrow in Figure 4) . As with the SIP (Figure 3) , the northeasterly wind off Utqiaġvik also fluctuates from year to year with no statistically significant trend (based on the Mann-Kendall test even at 90% confidence level). To examine atmospheric conditions with respect to their climatologies, area-averaged SLP in BH and AL regions (respectively defined in red and blue boxes in Figure 4) , SLP difference between them and the northeasterly wind component off Utqiaġvik (hereafter along-BC wind) are standardized in November-May for 1979-2014 (see details in the caption of Figure 5 ). In November-May, along-BC winds and SLP differences are highly correlated (R 2 = 0.74).
This indicates an association between along-BC wind and SLP difference, that is, north-south pressure gradient between BH and AL.
As examples for the lowest and highest SIP years (1994-1995 and 2000-2001, respectively) , time series of the SLP difference, along-BC wind, SIP, and SIP suppression in the BCP are shown in Figure 5 . In NovemberMarch, the negative along-BC wind for 2000-2001 (high SIP) is much stronger and more frequent compared to the climatology (Figure 5c ). In contrast, the negative along-BC wind in 1994-1995 (low SIP) is far less frequent (Figure 5a ). Daily SLP difference and along-BC wind are inversely correlated (Figures 5a and 5c ). 
10.1029/2017JC013307
Journal of Geophysical Research: Oceans the northeasterly winds over the Chukchi shelf and the pressure systems of BH and AL was discussed in Weingartner et al. (2017) stating abnormally large up-canyon transports in fall/winter are associated with strong AL and BH. They demonstrated that mean monthly up-canyon transport at the head of Barrow Canyon (BC2 in Figure 1b) was the maximum at~0.7 Sv in January 2001. During the same period, the prevailing northeasterly wind resulted in high SIP and SIP suppression in the BCP (Figures 5c and 5d ). ; Figure 3a ). We note that the year with the lowest SIP and SIP suppression was 2011-2012 after 2009 (Figure 3a ), but unfortunately, the moored conductivity-temperature recorder failed for this period. Although the characteristics of individual BCP events in 2010-2011 and 2012-2013 are basically similar to those observed in 2009 (Hirano et al., 2016 , these two seasons exhibit distinct differences in frequency/strength of the negative along-BC wind, the cumulative amounts of SIP and SIP suppression, and ocean temperature, salinity, and currents (Figures 6 and 7) . In 2010-2011, there were relatively few episodes of strongly negative along-BC winds and those that occurred lasted only for a few days (Figure 6a ). By contrast, the along-BC wind in 2012-2013 was persistently and strongly negative from mid-December to mid-March ( Figure 7a (Figures 7a and 7b) . During this period, the BCP region was not fully covered by sea ice (i.e., open water and/or thin ice region) and water temperature at subsurface 
BCP Events
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Journal of Geophysical Research: Oceans never reached the freezing point ( Figure 7c ). As long as heat is lost from the ocean to the atmosphere, such sea-ice and ocean conditions result in SIP and SIP suppression without sea-ice divergence and upwelling of warm water caused by northeasterly winds. Note that such periods with SIP and/or SIP suppression without the northeasterly winds are not referred to as the BCP events. Once thicker ice covers the BCP region, SIP and SIP suppression are driven by northeasterly winds. This relationship is remarkable particularly between midDecember and mid-March in 2012-2013 (Figures 7a and 7b) . It should be noted that it is difficult to evaluate a relative contribution to the hybrid BCP from the sea-ice divergence and upwelling, because it is not known exactly how ocean heat from the upwelled warm water spreads to contribute the SIP suppression using the BCP mooring data at a single point. When the along-BC wind was persistently negative, warm (>0°C) and saline (S > 34.0) AW was upwelled (Figure 7c ), strong up-canyon flow was established (Figure 7e ), and the SIP was increasingly suppressed (Figure 7b ). In this manner, the timing of warm water upwelling is consistent with that of the SIP suppression in the BCP. The moorings at the head of Barrow Canyon also observed the dominant up-canyon transport of 1 Sv in January and February 2013 under strong northeasterly winds over the northeastern Chukchi Sea (Weingartner et al., 2017) . On the other hand, in 2010-2011, down-canyon flow was mostly dominant during November-May (Figure 6e ), except for some periods with relatively strong northeasterly wind. 
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Although it is difficult to estimate the amount of sea-ice basal melt from satellite observations, it can be assumed that sea ice was melted by episodic temperature increases in the surface layer due to AW upwelling. Such a postulated relationship between the basal melt and upwelling of warm water would require verification by in situ observations using an ice mass balance buoy. Moreover, another important feature in the ocean during the BCP event is that vertical shear was enhanced compared with that in the other periods (Figures 6d and 7d ). This indicates that vertical mixing was promoted by baroclinic current structure established after the upwelling (Hirano et al., 2016) . The elevated vertical shear during the upwelling events was also observed off Icy Cape (Ladd et al., 2016; C1 in Figure 1b) , suggesting the widespread vertical mixing on the shelf along the Alaska coast. The enhanced mixing on the shelf likely mixed the upwelled AW and shelf water masses, leading to ACWW formation (section 6).
The properties of ACWW passing through Barrow Canyon depend on the original salinity of PWW at the Bering Strait and the amount of additional salt input in the coastal polynyas along the pathway (Itoh et al., 2012; Winsor & Chapman, 2002) . Therefore, variability of SIP in the BCPsw and BSne (Figure 1b ) in addition to the BCP also has important effects on the PWW modifications. In both 2010-2011 and 2012-2013 , SIP in the BCPsw and BSne was comparable to or higher than that in the BCP (Figures 3, 6b, and 7b) . Variability of SIP in the BCPsw approximately coincided with that of the BCP. Possibly, this is a result of sea-ice divergence in the BCP and BCPsw being induced by the same northeasterly winds, given the similar coastline orientations. In contrast, SIP in the BSne did not necessarily match that of the other two regions likely due to the different coastline orientation (Figures 6b and 7b) .
After entering the Chukchi shelf, PWW likely experienced a variety of modification processes along the Barrow Canyon pathway such as additional salt input (due to brine rejection) accompanied by SIP in the coastal polynyas and ocean heat flux from the upwelled AW in the BCP, and the significantly modified form of PWW eventually passed through Barrow Canyon. In terms of the additional salt input, BCPsw and BSne 
10.1029/2017JC013307
Journal of Geophysical Research: Oceans polynya activities should remotely influence ACWW formation (in particular, polynya water production) because SIP in these coastal polynyas is comparable to or higher than in the BCP (Figures 2, 3, 6 , and 7). The following section describes water properties of ACWW observed in Barrow Canyon.
ACWW Properties Observed in Barrow Canyon
As mentioned above, the possible PWW modifications along the Barrow Canyon pathway may originate not only from the BCP but also from the upstream coastal polynyas (BCPsw and BSne). In addition, the BCP mooring is located northeast (downstream) of the head of Barrow Canyon on the shallower shelf beside the Barrow Canyon, suggesting that winter waters densified in the coastal polynyas flow directly into Barrow Canyon without going through the BCP mooring site. Therefore, the data obtained at BCC (Figure 1b and Table 2) are also used to examine the properties of ACWW passing through Barrow Canyon. Figure 9 shows time series of potential temperature and salinity along with along-BC velocity at 182 m depth of BCC from December 2012 to March 2013 when AW was frequently upwelled onto the shelf over the BCP (Figure 7 ). During this period, magnitudes of down-and up-canyon flows at BCC reached >1 m/s. At this depth, temperature and salinity (hence density) increased during up-canyon flows, related to the AW inflow from the Canada Basin onto the shelf. When the currents shifted to the down-canyon flows, on the other hand, temperature and salinity became lower than those during up-canyon flows. The variation ranges of the properties between down-and up-canyon flows were relatively large until February, and then they subsequently became smaller. This is considered to reflect a history of modification processes that the upwelled AW has experienced over the shelf. The large range of variation suggests ongoing mixing of the upwelled AW with cold, fresh (less dense) water on the shelf, while the smaller range suggests mixing of the upwelled AW with shelf waters consisting of a large amount of AW previously transported onto the shelf.
At shallower BCC depths (44, 83, and 121 m), distinct changes in water properties between up-and downcanyon flows are also evident (Figures 10a-10f ). After mid-March when up-canyon flows in the BCP (Figure 7 ) and BCC ( Figure 9 ) decline, near-freezing temperature water with a range of salinities occurred at BCC (Figures 10a, 10c, 10e, and 10g) . Especially below 120 m depth at BCC, hypersaline polynya water (T~T f , S > 34.0) dense enough to sink to or below lower halocline level in the Arctic basin was observed during down-canyon flows after April (Figures 10e and 10g) . Such hypersaline polynya water may form through additional salt input from brine rejection accompanying SIP along the Alaska coast. In addition, Mirai2013 hydrographic data (black crosses in Figure 10 ) indicate that water properties of the lower halocline layer (transition layer from θ min to θ max ) in the southern Canada Basin and CBL regions are similar to those observed during the down-canyon flows at BCC in January-February (Figures 10c, 10e, and 10g ; see section 7.1).
ACWW Formation Processes
Here the formation of different types of ACWW is examined from the perspective of water modification processes. Figure 11 shows potential temperature-salinity relationships in Bering Strait (A4W), BCP, and Barrow Canyon (BCC) for 2010-2011 and 2012-2013 . In Bering Strait, water properties for these two years are nearly the same, with salinities up to~33.0 and temperatures near the freezing point. In the BCP and BCC downstream, however, water properties observed in the two years are distinctly different. In 2010-2011, 
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Journal of Geophysical Research: Oceans salinities in the BCP and BCC were higher than those in Bering Strait but they increased to~34.0 at most and their occurrence was rare (Figure 11a ), indicating the low contribution of brine rejection to the production of hypersaline polynya water. In 2012-2013, by contrast, salinities in the BCP and BCC were significantly higher than those in Bering Strait (Figure 11b) , indicating the high contribution of brine rejection to the production of hypersaline polynya water. The differences in salinity increases for these two years are attributed to the differences in the amounts of SIP in the coastal polynyas along the Barrow Canyon pathway (Figures 3, 6b, and 7b) . Another difference is the presence of two mixing lines extending from AW, between AW and PWW and between AW and polynya water (Figure 11c) . In 2010-2011, only a mixing process along the AW-PWW mixing line was prominent (Figure 11a) . In 2012-2013, mixing processes along mixing lines of AW-PWW and AW-polynya water were both prominent (Figure 11b ), but both mixing processes did not dominate simultaneously as described below.
The AW-PWW mixing line in 2012-2013 was prominent in JanuaryFebruary (red and orange dots in Figures 10e and 10g) . After the northeasterly winds weakened in mid-March, the AW-Polynya water mixing line subsequently became prominent, then export of polynya water or water along the AW-Polynya water mixing line to the basin dominated after April (blue and purple dots in Figures 10e and 10g) . The mooringbased data and model-simulated results can explain the transition of the two mixing processes along these two mixing lines extending from AW. From late December 2012 to mid-March 2013 when AW upwelling frequently occurred (Figure 7c ), the simulated tracer distribution suggests that the upwelled AW was transported over a wide area of the northeastern Chukchi shelf along the Alaska coast (Figures 8e-8g) . The amount of oceanic heat from the upwelled warm water onto the eastern Chukchi shelf is likely associated with the total duration of the BCP events, influencing on the ACWW formation. During this period, the upwelled AW mixed with PWW (i.e., following the AW-PWW mixing line) on the shelf, where the vertical (diapycnal) mixing was enhanced (Figure 7d ). In mid-March, down-canyon flows became dominant on the shelf (Figure 7e ) due to weakening of the northeasterly winds (Figure 7a ). After mid-March, a large amount of upwelled AW that had transported onto the shelf also mixed diapycnally and/or isopycnally with hypersaline polynya water formed over the coastal polynyas (i.e., following the AW-Polynya water mixing line) because their densities are close to each other (Figure 11c) . Then, the mixture was transported toward Barrow Canyon. The distribution of elevated concentrations of the Atlantic-water tracer along the Alaska coast (Figure 8h ) suggests the presence of the mixture of AW and polynya water and its transport toward the northeast.
The BCP mooring did not observe the water along the AW-Polynya water mixing line and the most saline polynya water (Figure 11b) . From March to May 2013, polynya waters showed salinities S > 35.0 at BC2 in the upstream region of the head of Barrow Canyon (Weingartner et al., 2017, in their Figure 13 ) and S~34.5 at BCC at the mouth of Barrow Canyon (Figure 10g ). In contrast, the salinity of polynya water at BCP did not exceed 34.0 (Figure 7c) . Therefore, it is highly likely that the saline (dense) waters produced over the BSne and BCPsw in the upstream region of the head of Barrow Canyon directly flowed into Barrow Canyon without passing through the BCP mooring site on the shallower shelf beside the Barrow Canyon. Figure 1a) . Note that the left (right) panels show data during down-(up-) canyon flow. The gray contours denote potential density surfaces, and nearly horizontal gray lines are the freezing point of seawater at atmospheric pressure. Data are plotted with different colors depending on months of observation shown in the color bar.
Journal of Geophysical Research: Oceans Three types of ACWW are formed along the Barrow Canyon pathway; type-1: a mixture of AW and PWW, type-2: a mixture of AW and polynya water, and type-3: hypersaline polynya water. Considering the water properties and mixing lines associated with the ACWW formation, we define each of the three ACWW types with a reference to the water properties of a lower halocline layer in the basin (Table 1 and Figure 11c ) as follows; type-1 (S > 33.1 and lower halocline temperature < T < 0.0), type-2 (S > 33.1-34.5 and T f + 0.1 < T < lower halocline temperature), and type-3 (S > 34.0 and T < T f + 0.1). The definitions for type-1 and type-2 ACWWs are not strictly mutually exclusive in terms of their temperatures due to their complex characteristics. In the definitions, the "lower halocline temperature" serves as a measure rather than a unique temperature value; temperature warmer (colder) than the lower halocline temperature is presumably caused by more influence of warm AW (cold polynya water) on their formation on the shelf. In addition, type-1 and type-2 ACWWs overlap on the temperature-salinity space (Figure 11 ). However, these ACWW varieties are intrinsically different because they formed through different mixing processes (type-1: diapycnal mixing; type-2: diapycnal and/or isopycnal mixing) during different periods (Figures 10e and 10g) .
Although ventilation for water with S > 33.1 had been previously attributed to hypersaline polynya waters (Shimada et al., 2005; Weingartner et al., 1998) , Woodgate, Aagaard, Swift, et al. (2005) suggested that much of the western Arctic's lower halocline is influenced by diapycnal mixing of PWW (S~33.1) and denser AWs, with such mixing taking place possibly over the northern Chukchi shelf/slope. During a prolonged up-canyon transport event from December 2012 to February 2013, only colder (< À1°C) and fresher (<33.1) waters were observed at the head of Barrow Canyon (BC2 in Figure 1b ; Weingartner et al., 2017) . However, the lower halocline water and/or AW found at a deeper layer are thought to be upwelled onto the shelf at the BCP (Figure 7c ), since the properties of observed upwelled waters were often T > 0°C and S > 34.0. Differences in water properties observed at the BCP and at the head of the canyon (BC2; Weingartner et al., 2017) might be explained by the fact that the upwelled water was confined along the coast and/or that the upwelled water was modified before reaching the head of the canyon.
7. Discussion 7.1. Possible ACWW Spreading Paths Into Interior Arctic As mentioned in section 5, water properties of the lower halocline layer in the southern Canada Basin and CBL regions are similar to those of type-1 observed during the down-canyon flows at BCC (Figures 10c, 10e , and 10g). Although observation years are different, Figure 11b also shows that water properties of the lower halocline water (gray dots) in the diapycnally ventilated region in the CBL (magenta dots in Figure 1a ) are similar Figure 1a ) and Mirai2013 (purple squares in Figure 1a ), respectively. (c) Water boundaries (Table 1) and mixing lines associated with ACWW formation. Enclosed area by thick black lines indicates the boundaries: type-1 ACWW (mixture of AW and PWW, labeled "1"), type-2 ACWW (mixture of AW and polynya water, labeled "2"), type-3 ACWW (hypersaline polynya water, labeled "3"), polynya water (labeled "4"), Pacific Winter Water (PWW, labeled "5"), and Atlantic Water (AW, labeled "6"). The purple and pink arrows represent AW-PWW and AW-polynya water mixing lines, respectively.
Journal of Geophysical Research: Oceans to those of type-1 ACWW formed by the mixing of AW with PWW (as observed in January 2013; Figures 10e  and 10g ). In addition, corresponding lower halocline waters along the AW-PWW mixing line was found over the CBL, Northwind Ridge, and southern Canada Basin (McLaughlin et al., 2004) . A particle tracing calculation with satellite-based geostrophic velocity conducted by Mizobata et al. (2016) showed that the Pacific-origin water exported north of Barrow Canyon is usually transported to the CBL via the Beaufort Gyre (BG). They also indicated that the pathway of the passive tracer in the winter of 2012-2013 was different from that in the other winters, where the tracer was transported to the western side of Barrow Canyon (shelf break) or the northern shelf of the Chukchi Sea because of the expansion and intensification of the BG in conjunction with the prevailing northeasterly wind over the Chukchi Sea shelf (see their Figure 12 ). An important point here is that the BG during winter is highly variable in its strength and circulation pattern in response to wind strength and pattern (Mizobata et al., 2016) . In addition, Corlett and Pickart (2017) recently showed that a substantial part of Pacific-origin water exported from Barrow Canyon is transported westward over the upper continental slope via the Chukchi slope current emanating from the canyon. It should be noted that the Chukchi slope current is quantified based on historical hydrographic and velocity sections occupied in warm seasons (May-October; Corlett & Pickart, 2017) .
Considering all the results from the previous and current studies, we propose ACWW formation processes along the eastern Chukchi shelf and subsequent spreading paths into the basin (Figure 12 ). Three types of ACWW are formed through different modification processes that PWW has experienced over the shelf along the Barrow Canyon pathway, such as SIP, upwelling of AW, and mixing processes. It is worthwhile to mention that the formation and properties of each ACWW are involved with various spatial and temporal evolutions. For type-1 (mixture of AW and PWW) and type-2 (mixture of AW and polynya water) waters, they are formed through a local contribution from warm AW upwelling mainly onto the BCP (i.e., spatial evolution). Water property of type-2 is additionally influenced by a remote contribution from a salt input through SIP in the upstream BCPsw and BSne polynyas, because the type-2 property is dependent on that of polynya water mixed with upwelled AW (i.e., spatial and temporal evolutions). Type-3 of hypersaline polynya waters is mainly formed through local and remote contributions from a salt input through SIP in the coastal polynyas all the way along the Barrow Canyon pathway (i.e., temporal evolution). After passing through Barrow Figure 12 . A schematic showing the formation processes of Alaskan Coastal Winter Water (ACWW) over the eastern Chukchi shelf (along the Barrow Canyon pathway) and its spreading paths into the interior Arctic. Much of ACWWs are more likely to spread into the regions especially over the Chukchi Borderland, the Northwind Ridge, and the southern Canada Basin with the Slope Current and/or Beaufort Gyre represented by broad yellow arrows. As for denser type-2 and type-3 waters among ACWWs, part of them potentially intrudes at depths comparable to or deeper than the AW layer in the Canada Basin represented by green arrow.
Canyon, it is suggested that much of ACWWs are more likely to flow westward (along the shelf break/slope of the Chukchi Sea) or northwestward (toward the Northwind Ridge and CBL regions via the southern Canada Basin) with the slope current and/or BG. Therefore, much of ACWW is a potential source water for the formation and maintenance of the lower halocline layer especially over the CBL, Northwind Ridge, and southern Canada Basin (Figure 12 ). Further, it remains possible that denser type-2 and type-3 waters among ACWWs directly intrude at depths comparable to or deeper than the AW layer in the basin because its density is close to AW in the basin (Figure 11c) . The transports associated with these three ACWW types could be quantified using the model outputs. However, the simulated transports contain significant biases partly because our model underestimated the AW temperature (Watanabe et al., 2017) . However, impacts of the cold bias of AW on our conclusion about the AW-influence on the ACWW formation are minor.
Atlantic Influence on the Eastern Chukchi Shelf in Winter
Even in the Pacific sector of the Arctic Ocean, as Woodgate, Aagaard, Swift, et al. (2005) also suggested, the properties of ACWW that eventually enters the Arctic basin are strongly affected by the Atlantic-origin waters. The region influenced by the upwelled AW covers an area extending more than 200 km southwestward from Point Barrow along the eastern Chukchi shelf to Icy Cape (Figure 8 ). Although Weingartner et al. (2017) showed that only about one third of the up-canyon events transported the warm upwelled water observed by their EBC mooring near Utqiaġvik (~110 km northeast of BC2; see their Figure 14 ) to the head of Barrow Canyon, this is likely because their conclusions were based on the mooring data obtained in 2010-2011 and 2011-2012 when there were few episodes of strong northeasterly winds as indicated by low SIP and SIP suppression shown in Figure 3 . Except for the hypersaline polynya water (type-3), the ACWW formation process can be considered as a modification process of upwelled AW onto the shelf. The upwelled AW is modified by mixing processes on the shelf and returns to the basin to ventilate there (Figures 10 and 11) . Jackson et al. (2015) examined the formation process of Beaufort Shelf Winter Water (BSWW) on the Canadian Beaufort shelf, occupied by low salinity shelf water (S~20-25) in summer. They found that the upwelled saline, Atlantic-origin water plays an important role in BSWW formation in upwelling-favorable years, preconditioning the shelf region for saltier BSWW formation. Enhancing our understanding of the formation and maintenance of a cold halocline layer in the Pacific sector of the Arctic basin requires future work that considers both Pacific and Atlantic influences on winter water formation across the entire region from the Canadian Beaufort shelf to Chukchi shelf.
Even without oceanographic observations, the ACWW formation processes proposed by the present study qualitatively allow us to infer the ACWW properties entering the interior Arctic every year, based on variabilities of SIP and SIP suppression (indicative of the thermodynamic influence of AW upwelling; Figure 3 ). For example in 1993-1994, 2000-2001, and 2003-2004 , high SIP and active upwelling might be potential factors to form large amounts of all types of ACWW widely contributing to basin ventilation at various depths. On the other hand, in 1994-1995, 1998-1999, and 2011-2012 , PWW might have flowed into the basin without much modification along the Barrow Canyon pathway because of low SIP and inactive upwelling.
We have demonstrated that upwelled AW suppresses SIP in the BCP and alters the ACWW formation process. However, the upwelled AW undoubtedly exerts influence on basal melt and/or inhibition of ice growth in the ice-covered area, because the upwelled AW spreads over a wide area on the eastern Chukchi shelf centered along the northern Alaska coast (Figure 8) . Thus, this study may offer further insights into variability of sea-ice volume (in other words, a product of area and thickness of sea ice) and associated freshwater budget over the eastern Chukchi shelf. At this point, although it is difficult to estimate the amount of sea-ice basal melt by satellite observations, model results not shown in this paper suggest that upwelled AW can lead to basal melt of sea ice. Further verification of links between AW upwelling and bottom ice melt is needed.
A key finding is the absence of any significant trend or transition in the magnitude of either SIP or SIP suppression between 1992 and 2014. With delays in fall freezeup and earlier onset of break-up, Johnson and Eicken (2016) found significant reductions in the length of the ice season in the eastern Chukchi and western Beaufort Seas. Based on their findings, we expect a reduction in the ice season length by a month or more over the time period of this study. The magnitude of SIP is instead related to the year-to-year fluctuation of winter northeasterly wind stress off Utqiaġvik without any long-term trends. Another potential factor includes a more mobile sea-ice cover (Hutchings & Rigor, 2012 ) that supports dynamic ice production in polynyas, helping offset overall reductions in ice season length and potential for heat loss over open water and
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Journal of Geophysical Research: Oceans thin ice. Once the BCP region is fully covered with sea ice, ice divergence is still driven by northeasterly winds, but may increase in magnitude due to increased ice mobility. As a result, surface offshore Ekman transport followed by the upwelling of warm water would also be enhanced since wind stress on the ocean surface will likely increase over more widespread areas of open water and thin ice, relative to areas of thicker pack ice. Thus, it is presumed that warm water upwelling would exert a more significant impact on the ACWW formation if offshore sea ice becomes more mobile in a changing climate.
Summary
This study examined the water properties and formation processes of ACWW through the different modification processes that PWW experiences along the Barrow Canyon pathway, by using mooring data (in Bering Strait, BCP, and Barrow Canyon), estimates of SIP derived from SSM/I-SSMIS data, a model result, and hydrographic data obtained in the southern Canada Basin and CBL regions. The SIP along the Alaska coast shows no statistically significant trends (Figure 3) . Instead, it is found that the SIP and SIP suppression fluctuate from year to year. PWW can be modified along the Barrow Canyon pathway by one or more of the following processes: SIP in the coastal polynyas, upwelling of AW centered in the BCP, and mixing processes on the shelf. Three different types of ACWW are formed along the Barrow Canyon pathway, and they intrude at the intermediate and deep layers of the Arctic basin: (i) a mixture of AW and PWW, (ii) a mixture of AW and polynya water, and (iii) hypersaline polynya water. Differences in water properties among ACWW varieties are attributed to differences in the modification processes that PWW has experienced on the eastern Chukchi shelf. The northeasterly winds over the BCP area, correlated with the north-south pressure gradient between BH and AL, are a common trigger of SIP and upwelling of AW (especially in the BCP) influencing ACWW properties. PWW modification processes around Barrow Canyon are more complicated than what occurs elsewhere in the Chukchi Polynya, because the northeasterly winds both promote and suppress SIP in the BCP. The impact of AW upwelling on the ACWW formation is most prominent in the BCP, usually confined along the coast. The PWW modifications in the eastern Chukchi shelf result in ACWW formation that eventually contributes to ventilation of intermediate and deeper layers in the Arctic basin. Even in the Pacific sector of the Arctic Ocean, the ACWW properties are strongly influenced by both Atlantic-origin and Pacific-origin waters. Further understanding of both Pacific and Atlantic influences on the winter water formation across the entire region from the Canadian Beaufort shelf to Chukchi shelf is crucial to elucidate variabilities of heat and freshwater budgets as well as an amount of sea ice in the Pacific sector of the Arctic Ocean.
